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1. Introduct ion 

During t h e  p a s t  f e w  years we  have developed a number of 

Monte Carlo computer programs f o r  c a l c u l a t i n g  the  t r a n s p o r t  

of e l e c t r o n s  and photons through extended media. A l l  gene ra t ions  

of secondary e l e c t r o n s  and photons can be included i n  the c a l c u l a t i o n .  

A beam of e l e c t r o n s  or photons, w i t h  s p e c i f i e d  d i r e c t i o n  and s p e c t r a l  

composition, is assumed to  be inc iden t  on a p l ane -pa ra l l e l  t a r g e t  

t h a t  i s  of f i n i t e  t h i ckness  i n  one dimension and unbounded i n  the  

o t h e r  two. The following items are c a l c u l a t e d :  (i) t h e  r e f l e c t i o n  

and t ransmission of r a d i a t i o n  by t h e  t a r g e t ,  (ii) t h e  product ion of 

secondary bremsstrahlung and characteristic X-ray photons i n  t h e  

t a r g e t  and t h e i r  emergence from it, (iii) t h e  d e p o s i t i o n  of energy 

and charge by e l e c t r o n s  as func t ion  of t h e  dep th  i n  the t a r g e t ,  

and ( i v )  t h e  f l u x  of e l e c t r o n s  as f u n c t i o n  o f  t h e  depth i n  t h e  

t a r g e t .  The method of c a l c u l a t i o n ,  many computational de ta i l s ,  

and r e s u l t s  for s p e c i f i c  problems have been p resen ted  i n  a number 

1-8/ of papers. 

The work has now reached t h e  s t a g e  where the emphasis i s  

s h i f t e d  from the w r i t i n g  and checking-out of new programs t o  

t h e  production of data. Systematic c a l c u l a t i o n s  are i n  p rogres s  

which involve comparisons wi th  corresponding experimental  r e s u l t s ,  

and t h e  t a b u l a t i o n  of t r a n s p o r t  d a t a  of gene ra l  i n t e r e s t .  
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It i s  unl ike ly  t h a t  we w i l l  have t h e  t i m e  and oppor tuni ty  t o  

e x p l o i t  t h e  programs with s u f f i c i e n t  thoroughness. W e  would 

l i k e ,  t he re fo re ,  t o  begin w i t h  t h i s  r e p o r t  t h e  documentation 

of t h e  programs, i n  o rde r  t o  pu t  o the r  p o t e n t i a l  u s e r s  in  a 

p o s i t i o n  t o  run t h e  programs f o r  t h e  condi t ions  of i n t e r e s t  t o  

them. 

The f i r s t  phase of documentation w i l l  emphasize programming 

r a t h e r  than physics a spec t s .  A f a i r l y  e l a b o r a t e  set of running 

i n s t r u c t i o n s  is  provided, i nd ica t ing  t h e  va r ious  program op t ions ,  

t h e  n a t u r e  of t h e  inpu t  va r i ab le s ,  t h e  r e l a t i o n  of t h e  va r ious  

programs t o  each o t h e r ,  and t h e  func t ions  of t h e  many subprograms. 

I n  add i t ion ,  complete program l i s t i n g s  a r e  given as w e l l  as 

p r in t -ou t s  of s h o r t  sample runs including t h e  input  d a t a  and r e s u l t s .  

For var ious  reasons w e  approach t h e  documentation of our pro- - 
grams wi th  some misgivings.  men though t h e  development of t h e  

programs has reached an advanced s t age ,  they are no t  i n  f i n a l  form, 

and some of them may be  changed somewhat i n  the  f u t u r e ,  poss ib ly  

a s  t h e  r e s u l t  of feedback from comparisons wi th  experimental  da t a .  

The programs have been checked out  c a r e f u l l y  and appear  t o  be i n  

good working order .  However, we  have from t i m e  t o  t i m e  d iscovered 

var ious  minor e r r o r s  and cannot r u l e  o u t  t h e  p o s s i b i l i t y  of f i n d i n g  

o t h e r s .  The number of op t ions  under which t h e  programs can be run 

is very la rge ,  and we have not  been i n  a pos i t i on  t o  check o u t  a l l  

cases .  
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Another d i f f i c u l t y  arises from t h e  fact  t h a t  a l a r g e  number of 

input  parameters must be chosen, and t h a t  t h e s e  choices  must be 

made w i t h  some understanding of t h e  phys ica l  implicat ions.  

Conceivably t h i s  a s p e c t  might be troublesome f o r  people who 

would l i k e  t o  run t h e  programs as "black boxes". 

2. Organization of t h e  System of Programs 

The v a r i o u s  programs f a l l  i n t o  f o u r  c a t e g o r i e s .  Those i n  

t h e  f i r s t  category are used t o  produce a data l i b r a r y  which i s  

s t o r e d  on magnetic tape. This l i b r a r y  c o n t a i n s  c r o s s  s e c t i o n  

. d a t a ,  and information o f  a general  n a t u r e ,  for a l a r g e  number 

- o f  d i f f e r e n t  media. Programs i n  t h e  second ca t egory  a c c e p t -  

d a t a  from t h e  l i b r a r y  tape,  process  and expand t h e s e  da t a ,  

and produce t a b u l a r  arr'ays s u i t a b l e  f o r  r a p i d  table look-ups. 

The most important program i n  t h e  second category c u r r e n t l y  

i n  use  is MTAPAC 4, which w i l l  be d i scussed  i n  Sec t ion  4. 

I n  t h e  t h i r d  category a r e  Monte Carlo programs which generate ,  

by random sampling, l a rge  sets of e l e c t r o n  and photon h i s t o r i e s ,  

on t h e  basis of t h e  physical information suppl ied by DATAPAC 4 

or similar programs. The e l e c t r o n  and photon h i s t o r i e s ,  i n  t h e  

cour se  of production, a r e  concur ren t ly  analyzed t o  o b t a i n  i n f o r -  

mation about r a d i a t i o n  t ransmission and r e f l e c t i o n ,  energy 
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depos i t i on ,  f lux ,  e t c .  The most important program i n  t h e  t h i r d  

category c u r r e n t l y  i n  use  is ETRAN 15; more d e t a i l s  about t h i s  

program w i l l  be given i n  NBS Report 9837. F i n a l l y ,  programs i n  

t h e  f o u r t h  category o rgan ize  and ana lyze  t h e  ou tpu t  of t h e  Monte 

Carlo programs, and i n  some ins t ances  extend t h e  random sampling 

resul ts  through t h e  u s e  of o t h e r  computational methods. 

The programs t o  be discussed i n  t h i s  and subsequent r e p o r t s  

have a l l  been wr i t t en  i n  FORTRAN, and are presented i n  t he  v e r s i o n  

c u r r e n t l y  i n  operat ion on a Univac 1108 computer a t  t h e  National 

Bureau of Standards. E s s e n t i a l l y  t h e  same programs, i n  scaled-up 

v e r s i o n s  w i t h  l a r g e r  cross s e c t i o n s  and ou tpu t  a r r a y s ,  are o p e r a t i o n a l  

on an IBM 360/91 computer a t  t h e  NASA.Goddard Space F l i g h t  Center. 

3. Data Library 

Many of t h e  programs f o r  gene ra t ing  t h e  t a p e  l i b r a r y  were run  - 
a long t i m e  ago on a 7094 computer, t h e  r e s u l t  being a body of 

information s to red  on ca rds  as w e l l  as on t a p e  and amounting t o  

approximately 20,000 BCD card images. A program c a l l e d  WTATAPE 

produces t h e  ac tua l  l i b r a r y  t a p e  w i t h  t h e  a p p r o p r i a t e  format. 

The l i b r a r y  t a p e  con ta ins  information about  t h e  fol lowing 

processes:  

by atoms (Mott c r o s s  s e c t i o n ) ;  (ii) bremsstrahlung production 

(i) e l a s t i c  s c a t t e r i n g  of e l e c t r o n s  and p o s i t r o n s  

9 /  
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by e l e c t r o n s ,  mean r a d i a t i v e  energy l o s s ,  s p e c t r a l  and angular  

d i s t r i b u t i o n  of emi t ted  photons (based on Bethe-Heitler theory  

combined wi th  Coulomb co r rec t ion ,  E l w e r t  f a c t o r ,  r igorous  

high-frequency l i m i t ,  and an empir ica l  c o r r e c t i o n  factor”’); 

(iii) c o l l i s i o n  energy loss  f l u c t u a t i o n s  (Landau”’ d i s t r i b u t i o n ) ;  

12/ ( i v )  angular  d i s t r i b u t i o n  of photo-electrons (based on Sauter 

and Fischer13’ c r o s s  sec t ions ) ;  ( i v )  energy d i s t r i b u t i o n s  for 

e lec t ron-pos i t ron  p a i r s  (as given by Bethe and Ashkin 14’). , 

(VI d e n s i t y  e f f e c t  co r rec t ion  t o  the mean c o l l i s i o n  energy l o s s  

( s topping  power) ( taken from t h e  work of Sternheimer . 1 5 5  

With the except ion of i t e m  (VI, a l l  information is s t o r e d  

f o r  every element from atomic number Z=1 t o  Z = l O O ,  and it i s  - 
assumed t h a t  DATAPAC 4 w i l l  later perform t h e  requi red  combinations 

f o r  mixtures  and compounds. Information about  t h e  dens i ty  e f f e c t  

( i t e m  (VI)  i s  l imi t ed  t o  those materials f o r  which r e l i a b l e  

dens i ty  e f f e c t  parameters are a v a i l a b l e  from t h e  work of 

Sternheimer.  The f i f ty - four  materials i n  t h i s  category are 

l i s t e d  i n  Table  I. The composition by weight of t h e  compounds 

and mixtures  i n  t h i s  l i s t  is  shown i n  Table 11. I f  a u s e r  i s  

i n t e r e s t e d  i n  genera t ing  data f o r  a material n o t  l i s t e d  i n  Table I, 

i t  is  p o s s i b l e  f o r  him t o  i n s e r t  h i s  own d e n s i t y  e f f e c t  parameters 

and r e l a t e d  d a t a  i n  program DATAPAC 4. 
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TABLE I 

MTAPAC CODE LIST 

CODE 
( IZIP)  

1 

2 

3 

4 

6 

7 

8 

10 

12 

13 

14 

18 

26 

29 

32 

36 

47 

50 

MATEEUAL 

€I2 (gas) 

H e  (gas) 

L i  

Be 

C ( g r a p h i t e )  

N2 (gas)  

O2 (gas) 

N e  (gas)  

Mg 

A1 

si 

A (gas) 

Fe 

cu 

G e  

K r  (gas) 

Ag 

Sn 

CODE MATERIAL 
(Imp) 

54 

74 

79 

8 2  

92 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

111 

1 1 2  

113 

X e  (gas) 

W 

Au 

Pb 

U 

Liquid H 

H2° 

LiF 

L i  I 

Na I 

Ag c1 

Ag B r  

Methane CH4 

Propane C 
3 %  

CODE 
(Imp) 

114 

115 

11 6 

117 

118 

11 9 

120 

121 

122 

123 

124 

125 

126 

127 

128 

Ethylene (CH2 I2 1 2 9  

Polye thylene  (CH2), 130 

Xylene C8 Hl0 13 1 

MATERIAL 

Toluene C7 He 

Acetylene (CHI2 

Polystyrene (C8 %In 

S t i l b e n e  C14 %2 

Anthracene 

Lucite (C, H8 O2In 

Freon CF3 B r  

Muscle 

Bone 

A i r  

Bnul s ion  

54 H1O 

=2 B4 O7 - 
N. E. 102 

Sapphire  A 1  0 

L i  A1 Glass 

H - Ne Mixture 

2 3  

ca F2 

cs I 
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TABLE I1 

c 

i 

Assumed Composition by Weight for Compounds & Mixtures  
LiF L i I  

26.754% L i  5.185% L i  
c02 ,z3qz7 H2° 

1 1 , 1 9 $  H 
88.81% 0 72.709% 0 73.246% F 94.815% I 

Ag C1 A g  Br Methane GI$ Propane C3H8 

24.737% C1 ,Emj5F 25.132% H 18.287% H 
75.263% Ag 57.445% A& 74.868% C 81.713% C 

A e t  l e n e  P o l  e t h y l e n e  Xylene C Toluene C7H8 

9.494% H 8.752% H 7.743% H 
(b2 In  

14.372% H 
85.6285 C 90.506% C 91.248% C 92.257% C 

F C d *  

s t i l b e n e  Anthracene 
C14H12 - C14H10 
6.711% H 5.655% H 0.054% H 

Freon 
CF3 Br  

8.065% C 
93.289% C 94.345% c 59.984% C 381274% F 

31.962% 0 53.661% B r  

A i r  

23.2 $ 0 
1.3 A 

Li2B407 

25.585% B 
66.21% 0 

8.205% Li 

Bone 

6.4 % H 
27.8 g C 

2.7 % N 
41.0 % 0 

7.0 % P 
0.2 % M g  

0.2 ;g s 
14.7 Ca 

N.E. 102 

8.4889 H 
91.512% C 

b u l s i o n  LiAl Glass 

1.410% H 7.1 $ L i  
7.226% C 52.0 % 0 
1.932% N 11.5 % A 1  
6.611% 0 
0.189% S 

34.910% Br 
47.410% Ag 

0.312% I 

29.4 % S i  

Sapphire  A1203 H-Ne Mixture  

47.077% 0 4.757% H 
52.923% A 1  95.243% N e  

NaI 

15.3375 Na 
84.6633 I 

Ethylene, (CH 

14.372% H 
85.628% C 

2 2, 

P o l y s t  

7.7439 H 
92.2579 C 

Muscle 

10.29 5 H 
12.30 $ C 

3.50 :{ N 
72.90 ? 0 
0.08 -: Na 
0.02 ; Mg 
0.20 P 
0.50 S 
0 .30 q K 

cs I 
48.845$ I 
51.155g Cs 

CaF2 
48.668$ F 
51.3326 C a  
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The empirical  modif icat ion of t h e  Bethe-Heitler bremsstrahlung 

cross s e c t i o n  ( i t e m  (ii>> c o n s i s t s  of a f a c t o r  which depends on 

t h e  e l e c t r o n  energy only. This  f a c t o r  changes t h e  mean energy 

loss by r a d i a t i o n  and t h e  bremsstrahlung e f f i c i e n c y  bu t  leaves 

t h e  s p e c t r a l  and i n t r i n s i c  angu la r  d i s t r i b u t i o n  of t h e  

bremsstrahlung photon8 una l t e red .  This modif icat ion has been 

found s u f f i c i e n t  t o  b r ing  c a l c u l a t e d  and measured d a t a  on thick-  

t a r g e t  bremsstrahlung i n t o  reasonable  agreement. 

T h r e e  l i b r a r y  t a p e s  have been prepared, each based on a 

d i f f e r e n t  bremsstrahlung c o r r e c t i o n  factor :  

DATATAPE 0: empi r i ca l co r rec t ion  f a c t o r  set equal  t o  

u n i t y  (no c o r r e c t i o n ) ;  

DATATAPE l r  empirical c o r r e c t i o n  f a c t o r  de r ived  from 

experimental  d a t a  given i n  a review ar t ic le  

by Koch and Motz;” and e s s e n t i a l l y  equ iva len t  - 

t o  t h e  c o r r e c t i o n  f a c t o r  deduced by t h e s e  

au tho r s  ; 

DATATAPE 2: empi r i ca l  c o r r e c t i o n  f a c t o r  de r ived  from 

t h e  more r e c e n t  experiments of Aiginger, 

arid of Rester and Dance . 
16/ 

17/  
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The experimental  co r rec t ion  f a c t o r s  are d i r e c t l y  a v a i l a b l e  

f o r  t h e  elements aluminum and gold,  and have been obtained f o r  

o the r  elements by in t e rpo la t ion ,  assuming t h e  f a c t o r  t o  be 

un i ty  f o r  hydrogen1*/. 

a r e  in te rmedia te  between those  of DATATAPE 0 and DATATAPE 1. 

They c o n s t i t u t e  a reasonable  compromise, and are c u r r e n t l y  being 

used by us. Many of our earlier c a l c u l a t i o n s  w e r e  done wi th  t h e  

equiva len t  of DATATAPE 1. In  some ins t ances ,  t h e  bes t  agreement 

wi th  experimental  th ick- ta rge t  bremsstrahlung d a t a  i s  obta ined  

wi th  DATATAPE 06’ The s i t u a t i o n  needs t o  be  c l a r i f i e d  by t h e  

in t roduc t ion  of b e t t e r  experimental  and t h e o r e t i c a l  bremsstrahlung 

The c o r r e c t i o n  f a c t o r s  used i n  DATATAPE 2 

- data .  When information i s  sought about e l e c t r o n  t r a n s p o r t  r a t h e r  

than thick,- target  bremsstrahlung, t h e  d i f f e r e n c e s  between t h e  

r e s u l t s  obtained w i t h  the  three d a t a  tapes  are gene ra l ly  very small. 

The numerous programs needed t o  gene ra t e  the d a t a  l i b r a r y  

w i l l  no t  be d iscussed  here, and it w i l l  be assumed that the u s e r  

has  a v a i l a b l e  t o  him one o r  more of t h e  d a t a  t a p e s  descr ibed above. 

I f  he should want t o  make up h i s  own d a t a  l i b r a r y  based on d i f f e r e n t  

improved c r o s s  sec t ions ,  he  can f i n d  o u t  t h e  r equ i r ed  o rgan iza t ion  

and format of the da ta  t o  b e  s to red  on t a p e  from t h e  l i s t i n g  of t h e  

input  s ta tements  of DATAPAC 4 i n  Appendix B. 

- 9 -  



4. Notes on Program WTAPAC 4 

Using the inpu t  from t h e  l i b r a r y  t ape ,  DATAPAC 4 eva lua te s  

the  fol lowing q u a n t i t i e s 2  (i> t h e  mean energy loss p e r  u n i t  

pa th l eng th  which a n  e l e c t r o n  (or p o s i t r o n )  suffers i n  c o l l i s i o n s  

wi th  atomic e l e c t r o n s  (evaluated according t o  t h e  B e t h  s t o p p h g  

power theory as formulated by Rohrl ich and Carlsonl” 1; (ii) t h e  

mean r a d i a t i v e  energy loss of a n  e l e c t r o n  per u n i t  pa th l eng th  

(evaluated with t h e  bremsstrahlung c ross  s e c t i o n s  desc r ibed  i n  

Section 318 (iii) t h e  mean e l e c t r o n  (or p o s i t r o n )  range 

( c a l c u l a t e d  in t h e  continuous-slowing-down approximationl8’); 

( i v )  t h e  th i ck - t a rge t  bremsstrahlung e f f i c i e n c y  f o r  an unbounded 

medium (ca l cu la t ed  i n  t h e  continuous-slowing-down approximation’*’) ; 

(v) t h e  cumulative (and i f  d e s i r e d  t h e  d i f f e r e n t i a l )  d i s t r i b u t i o q  

of a n g u l a r  d e f l e c t i o n s  r e s u l t i n g  from m u l t i p l e  elastic s c a t t e r i n g  

of e l e c t r o n s  (or  p o s i t r o n s )  ‘by atoms (according t o  t h e  m u l t i p l e  

s c a t t e r i n g  theory sf Goudsmit and Saunderaon:” evaluated w i t h  

t h e  Mott” s i n g l e  s c a t t e r i n g  c r o s s  s e c t i o n  co r rec t ed  f o r  screening 

according t o  t h e  p r e s c r i p t i o n  of Moli2re21/); (vi) cumulative 

p r o b a b i l i t y  d i s t r i b u t i o n s  p e r t a i n i n g  t o  t h e  s p e c t r a l  and i n t r i n s i c  

angular d i s t r i b u t i o n  w i t h  which bremsstrahlung photons are emitted.  

- 
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b 

The input  from the  l i b r a r y  t a p e  i s  read on l o g i c a l  channel 9.  

I n  add i t ion ,  a t  least  t h r e e  ca rds  of BCD input  are always r e q u i r e d ;  

one i n d i c a t e s  t h e  number of materials t o  be considered,  t h e  second 

is  a t i t l e  card,  and the  t h i r d  l ists  e s s e n t i a l  parameters i nc lud ing  

op t ions .  Depending on t h e  va lue  of t h e  parameter ITERM, d i f f e r e n t  

amounts of information a r e  generated.  For use  w i t h  ETRAN 15, 

t h e  maximum amount of information i s  required,  and t h e  optior! 

ITERM=5 must be used. Addit ional  ca rd  inpu t  may be r equ i r ed  

i n  non-standard cases, Le., when t h e  dens i ty  e f f e c t  parameters 

f o r  t h e  d e s i r e d  material cannot be ob ta ined  from t h e  l i b r a r y  

t ape .  

Runs of program DATAPAC 4 are  g e n e r a l l y  s h o r t ,  on t h e  

o r d e r  of 1-5 minutes per case. It is p o s s i b l e  t o  cover a 

wide span of e n e r g i e s  i n  one run, so that a t a p e  can be used 

f o r  a large number of d i f f e r e n t  Monte Carlo runs  wi th  ETRAN 15. 

On t h e  IBM 360/65, 75 and 91 (32 b i t  wordlength) t h e  program 

has u s u a l l y  been run i n  double p rec i s ion ,  w i t h  no ove r l ay ,  

r e q u i r i n g  about 500,000 "bytes" of memory. On t h e  Univac 1108 

(36 b i t  wordlength) t h e  program has been run i n  s i n g l e  p r e c i s i o n ,  

w i t h  overlay,  r e q u i r i n g  about  50,000 words of memory. 

- 11 - 



The fo l lowing  overlay arrangement i s  used: 

( i )  The main program, DATAPAC 4, and the subroutines 

QPOL and INT are  always i n  the  memory. 

( i i )  The fol lowing subroutines are  c a l l e d  i n  a s  separate 

segments: RANGE, SCATI', BRM, B U N G  and KXRAY. 

Other subroutines needed within  a segment are 

pulled i n t o  the memory wi th  the segment. 

- 12 - 
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APPENDIX A 

Program Notes 

Required Format for Card Input 

S igni f icance  of t h e  Card Input Variables 

S igni f icance  of the  Tape Input Variables 

Meaning of t h e  BIDCK DATA Variables and 

Their P o s s i b l e  Modif icat ion 

Brief Jkplanations of the Tasks Performed 

by the Subroutines Contained in  DATAPAC 4 
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